Abstract
Introduction
In multilevel power electronic converters, the desired output can be synthesized by combining several DC sources .solar panels, fuel cells, batteries, and ultra capacitors are the most common independent sources used. These converters are having single phase and three phase applications. The first topology introduces was the series H-Bridge converter which utilized a bank of series capacitors. Later flying capacitor design. In general multilevel converters are categorized into diode-clamped, flying capacitor, and cascaded H-bridge. The diode-clamped inverter provides multiple voltage levels through connection of the phases to a series bank of capacitors. Applications of diode clamped multilevel converters include highpower ac motor drives in conveyors, pump, fans, and mills. But due to capacitor voltage balancing issue diode-clamped inverter has been mostly limited to 3-level. Flying capacitor involves series connection of capacitor clamped switching cells. This can be used in highbandwidth, high-switching frequency applications such as medium voltage traction drives. Drawback of this topology is large number of capacitors are more expensive and bulky. Finally cascaded H-bridge inverter consists of series power conversion cells. Voltage and power levels may be easily scaled. Cascaded H-bridge multilevel converter has been applied to high-power and high-quality applications such as static volt-ampere reactive generation, active filters, reactive power compensators, photovoltaic power conversion, uninterruptible power supplies, and magnetic resonance imaging. Furthermore one of the growing applications for multilevel power electronic converters is electric drive vehicles in which the traction motor is driven by batteries. The main disadvantage of this cascaded H-Bridge topology is that large number of isolated voltage requires supplying each cell. This paper has given an alternate method to overcome the disadvantage of cascaded H-Bridge multilevel inverter.
Table 1. Switching Pattern of Cascaded H-Bridge
Here we are using two independent dc sources. The 5 level output voltage waveforms can be observed from Figure 2 . The usage of DC source increases with the increase of output voltage level. That is for m output levels we require m-1/2 sources. This causes to increase the cost of the system. However, regulating the capacitor voltage is not easy. This paper proposes a control method to single dc source H-bridge inverter to improve their capacitor voltage regulation. The proposed method phase shift modulation is robust and does not incur much computational burden. In this method the main inverter switches at the fundamental frequency, and the auxiliary inverter switches at the PWM frequency. The working theory of the cascaded H-bridge multilevel inverter is briefly introduced following sections.
Fundamentals of Operation
The structure of the main and auxiliary cells are similar to each other, the only difference being that the main inverter uses a dc voltage source or a battery while the auxiliary inverter uses a capacitor(see Fig 3) . H-bridge cells are connected in series. Hence the output voltage is the sum of all individual cell outputs. The output voltage of the inverter can be described as
Most of the applications the desired output voltage waveform of the cascaded H-bridge multilevel inverter is a sinusoidal waveform that can be described as
Where V m is the desired amplitude of the output voltage. Figure 4 describes how the desired output voltage waveform is synthesized using the main and auxiliary H-bridge cells. The main H-bridge cell, which is supplied by V dc , generates a rectangle waveform (V 1 ).The frequency of which equals that of the desired output voltage. The width of this rectangular waveform is chosen in such way that the desired output voltage. In other words
Where α is the conduction angle of the main H-bridge cell. The upper trace from ( Figure 4 ) the rectangular waveform indicates the output voltage of main H-bridge inverter. And it is compared with desired sinusoidal output of the system to generate reference voltage waveform for the auxiliary bridge. That is bottom trace in Figure 4 . That part must be synthesized by the auxiliary H-bridge cell. Hence the desired output voltage can be described as
The pulse width modulation at higher frequency will be applied to the auxiliary cell to construct V 2, ref (t).
Phase Shift Modulation
Regulating the capacitor voltage in the auxiliary bridge is a challenging one. The capacitor voltage balancing is achieved by adjusting the active power that the main H-bridge cell injects into the system. By shifting the voltage waveform ( Figure 5 ) generated by the main H-bridge cell to the left or right, one can inject more or less active power, which can be used to charge or discharge the capacitor on the auxiliary cell. Some assumptions are made to simplify the analytical description of the principle of the operation of phase shift modulation. The assumptions are (i) The output voltage of the auxiliary cell is equal to the commanded waveform for that cell i.e., V 2 
(t) = V 2 ref (t).
(ii) The output current is sinusoidal, as the load is behaves like a low-pass filter.
The Fourier series of the rectangular output voltage waveform of the main cell can be expressed as V 1 (t) =V m sin (wt) + Σ n=3,5 [ a n sin(n wt) + b n cos (n wt) ] = V m sin (wt) + h n (nwt)
Where h n (nwt) encompasses all of the harmonics in the output of the cell except for the fundamental harmonic. Based on (3), The magnitude of the fundamental harmonic of the main cell's voltage is set to be equal to the magnitude of the output voltage. The output voltage of the auxiliary bridge is given by
In general the output current has a θ phase shift from the output voltage, i.e., i Load (t) = I m sin (wt-θ) , the average output power can be described as < P out > = 0.5 V m I m Cos (θ)
The average power that the harmonics send out during a cycle is zero. Which therefore does not contribute to the output power of the cell? Thus < P 1 > = < P out >, and < P2 > = 0. Now the voltage of the main cell is shifted to the right by ∆α based on the operation principle of the converter, the output voltage and consequently, the output power do not change. Then the output voltage of the cells can be expressed as 
Here when ∆α and θ are positive, the generated active power in the main cell will be greater than the power transferred to the load. This causes the remaining power to be delivered to the auxiliary cell, consequently charging of the capacitor cell. When ∆α is positive, < P 2 > is negative, hence capacitor is charging, and when ∆α is negative, < P 2 > is positive, the capacitor is discharging. Therefore controlling ∆α makes it possible to charge or discharge the capacitor to regulate its voltage at the desired value. Fig 5 shows how <P 2 > changes with respective to ∆α. Based on this discussion a MATLAB/ simulink model has been developed.
Mat lab / Simulink Model
In this model load is assumed to consist of a resistor in series with an inductor. Load comprising of a resistor with 10 Ω and 15.3mH inductor connected in series. Here as ∆α = +1° the capacitor voltage is increases, which indicates a charging of capacitor. When ∆α = -1°, the capacitor voltage decreases, which indicates a discharging capacitor. Those can show in below waveforms. From above results we can observe that for α increasing capacitor is completely charging. For α decreasing capacitor completely discharging. Based on this discussion, a closed loop system for capacitor voltage regulation can be designed. The proposed capacitor voltage regulation method is shown below. 
Constraints on the Capacitor Voltage Selection of Auxiliary H-Bridge Cell
In this section, constraints on the voltage level chosen for the auxiliary H-bridge are discussed. The maximum value for the reference of the main H-bridge, i.e., at ωt = α, π -α , and 2π-α.
It is clear that the voltage source of the auxiliary H-bridge should be chosen to be greater than the peak of its reference voltage. Based on this limitation, it is possible to find the minimum value for the voltage level of the auxiliary H-bridge. The output voltage at α can be measured as
For different values of the commanded V m , the minimum V dcx is given by Min. V dcx = max (V α-, V α+) (14) Also modulation index is defined as m = V m / V dc = 4 cos(α) / π (15)
Conclusion
A single dc-source cascaded H-Bridge multilevel converter has been analyzed. A new control method, phase shift modulation, is used to regulate the voltage of the capacitor replacing independent dc source in the auxiliary H-bridge cell. the main H-bridge cell operates at the fundamental frequency, while the auxiliary cell runs at PWM frequency. The proposed method offers a robust regulation of the capacitor voltage when the inverters load is inductive. Consequently at the cost of adding some minor computational burden , it leads to a more simple and cost effective single dc source multi level converter. Constraints involved in selecting the voltage source level of the auxiliary H-bridge cell also have been discussed in this paper. The experimental results show the effectiveness of the method of regulating capacitor in the auxiliary H-bridge cell.
